INTRODUCTION

1
The availability and deployment of autonomous vehicles, especially fully-autonomous 2 vehicles (AVs), is expected to cause fundamental shifts in the transportation of people and 3 goods. For example, a large number of transportation-related companies have either stated 4 directly or implied that they initially plan to use AVs to provide transportation services to 5 travelers rather than sell individual AVs to consumers for their personal use. While future market 6 adoption depends on many factors, and the extent of individual vs. fleet ownership will be 7 determined by a combination of market forces, economics, and regulatory policy, most future 8 scenarios envision new mobility service businesses models built around some form of shared 9 fleet operation. Given the potential fundamental shift from a society that relies heavily on 10 personal vehicles to one wherein private companies own most vehicles and provide 11 transportation services to individuals with their fleet of vehicles, significant research is necessary 12 to, among other things, maximize the efficiency of the new system. Regardless of market size, 13 AV fleets -even relatively small fleets the size of current car sharing systems -will face new 14 problem classes to manage their fleets to meet customer demand and customer service 15 expectations. Furthermore, planning agencies interested in examining the potential implications 16 of the introduction and adoption of AVs on the transportation network, currently lack the 17 necessary tools to capture the operation of these new forms of mobility. Accordingly, this paper 18 presents a non-exhaustive taxonomy of vehicle fleet management problems in order to To improve the usefulness of the broad and diverse existing literature we present a taxonomy 32 of fleet management problems. The purpose of a taxonomy is to assist analysts and researchers in 33 identifying the type of problem they are confronting. In addition, once the analyst or researcher 34 is able to identify the characteristics of the problem in question, she can either make use of 35 existing problem formulations and solution algorithms from the literature, if they exist, or begin 36 to define a new problem class and develop original solution algorithms (1, p. 98). In addition to 37 classifying existing fleet management problems, we review existing taxonomic categories in the 38 literature and present novel taxonomic categories to classify AV fleet management problem 1 classes. 2
The remainder of the paper is structured as follows. In the next section, we present existing 3 taxonomic categories related to the fleet management problems in the literature, specifically 4 vehicle routing and scheduling problems. Using some of the existing taxonomic categories, we 5 classify the broadly defined AV fleet management problem. Then, we rename and repurpose 6 other existing taxonomic categories in the literature, as well as add additional, and more 7 nuanced, elements to existing categories. In the following section, we present a brief review of 8 dynamic, multi-vehicle pickup and delivery problems with time window constraints, as this class 9 of problems is highly related to the management of AV fleets. The penultimate section presents 10 novel taxonomic categories to classify specific AV fleet management problems. In the final 11 section, we summarize the taxonomy for AV fleets and highlight the need for future research in 12 certain areas. 13
EXISTING TAXONOMIC CATEGORIES
14
The field of vehicle fleet management research is incredibly broad and stretches back over six 15 decades(2). Studies range from highly-theoretical to applications of a single problem instance. 
29
The pickups only, and drop-offs only options refer to pure vehicle routing problems (VRPs); 30 whereas, the mixed option is better known as the pickup and delivery problem (PDP), which is a 31 generalization of the VRP. In the PDP, each customer request has unique pickup and delivery 32 locations. 33
The category name, operations, is too broad for classifying fleet management problems today. 34
Hence, we re-name the category Pickup and/or Delivery. 35
Classification of the AV Fleet Management Problem 1
The AV fleet management problem can definitively be classified as a pickup and delivery 2 problem. In urban passenger transportation, travelers have origin and destination points 3 throughout the region where they need to be picked up and delivered, respectively. In fact, the 4 notion of depots, that are synonymous with the VRP, have little meaning in the AV fleet 5 management problem. The reason being that, aside from the problem being a pickup and 6 delivery problem rather than a vehicle routing problem, the problem is also inherently dynamic. 7
The next subsection discusses static and dynamic problems and why dynamic problems are 8 devoid of depots. 9 In the literature, the dynamic problem is also referred to as the real-time problem (7) and the 12 online problem (8, 9). As mentioned previously, compared with the static problem wherein the 13 problem only needs to be solved once, the dynamic problem needs to be constantly re-solved in 14 real-time as new information arrives. One way to solve the dynamic problem is to solve a static 15 problem with all the currently available information whenever new information reveals itself. 16
Evolution and Quality of Information
However, the VRP is an NP-hard problem meaning that even moderate size instances of the 17 problem cannot be solved, exactly, in a reasonable timeframe; hence, heuristics are typically 18 employed. 19
Savelsbergh & Sol (10) point out that in the dynamic problem, the notion of vehicle depots is not 20 applicable because, as new customer requests arrive in real-time, and the static problem needs to be 21 re-solved, vehicles are located throughout the operational area, not at fixed depots. 22
Classification of the AV Fleet Management Problem 23
The AV fleet management problem is an inherently dynamic problem as most information 24 reveals itself in real-time, such as, passenger pickup and delivery times and locations, arc travel 25 times, passenger service times, etc. The AV fleet management problem can be modeled as 26 dynamic and deterministic, or dynamic and stochastic depending on the modeler assumptions 27 and the availability of stochastic information. 28
In a later section, we further classify problems based on the evolution of information. Lund et al.
29
(11) define and present a mathematical formulation for the term degree of dynamism, which 30 takes into account the frequency of changes in information knowledge (e.g. new customer 31 requests) and the urgency of the requests (i.e. how soon after making a request does the 32 passenger want to be picked up). 33
Availability and Processing of Information
34
In addition to evolution and quality of information, Eksioglu et al. In the present day, most AV fleet managers presumably have global information about the 8 location of AVs and customer requests within an urban area. However, given the computational 9 complexity of routing, scheduling, and assigning vehicles, decentralized, as well as centralized 10 computing architectures are both likely to be seen in practice. Smaller fleets may be able to 11 employ a single centralized computing system; whereas, larger fleets may require a decentralized 12 computing architecture. 13
Time-Window Constraints
14
In their taxonomy of vehicle routing and scheduling problems, Bodin and Golden In our classification system, the no time-windows problem allows the fleet operator to serve 28 demand requests at any time; whereas, the problems with explicit and/or implicit time-windows 29 force the fleet operator to serve demand requests with specified time-windows. The difference 30 between explicit and implicit time-windows manifests itself in the mathematical formulation of 31 the problem. Explicit time-window constraints are hard constraints on the problem's objective 32 function; whereas, implicit time-window constraints are placed in the objective function. 33
Lagrangian relaxation can be used to convert explicit time-window constraints into implicit time-34 window constraints. Implicit time-window constraints in the objective function are often referred 35
to as the quality of service term. Eksioglu et al. (6) present a similar classification category 36 entitled time window structure with the following elements, soft-time windows, strict time 37 windows, mix of both. The pickup and delivery problem with time-windows (PDPTW) is a well-1 known problem with passenger and freight applications (12) (13) (14) . 2
Classification of the AV Fleet Management Problem 3
The AV fleet management problem is a combined vehicle routing and scheduling (and 4 assignment) problem. The problem can be formulated with explicit and/or implicit time-window 5 constraints depending on the problem instance. For example, transportation network companies 6 (TNCs) such as Uber and Lyft seem to operate with implicit time-window constraints (customers 7 are picked up as soon as possible); whereas other transportation service companies provide their 8 customers with explicit time-windows. 9
Other Bodin and Golden Taxonomic Categories
10
Bodin and Golden (1) present a taxonomy of vehicle scheduling and routing problems. We 11 present and discuss the categories in their taxonomy to highlight changes to the taxonomy and to 12 classify the broadly defined AV fleet management problem. In typical routing problems, variable operating costs are included in the objective function. 5
Sometimes fixed vehicle acquisition costs are included in the objective function or as a 6 constraint. This classification category is still relevant to the AV fleet management problem 7 because modeling frameworks may incorporate variable costs, fixed costs, or both. Bodin and 8
Golden provide a taxonomy of routing and scheduling problems, whereas this paper provides a 9 taxonomy for vehicle fleet management problems. Hence, while classic routing and scheduling 10 problems cannot seamlessly incorporate pricing, vehicle fleet management problems can handle 11 pricing. In the Novel Taxonomic Categories section, we classify pricing strategies. options. The most interesting of which is profit maximization. In order for the problem 30 framework to incorporate profit maximization, the fleet operator must be able to reject customer 31 requests or price discriminate. In the Novel Taxonomic Categories section of this paper we 32 discuss acceptance and rejection of loads as well as pricing options. with two different types of customer requests, priority and regular, that result in implicit and 31 explicit time-window constraints. Moreover, the modeling framework incorporates load 32 acceptance and rejection decisions, based on stochastic information about future customer 33 requests; therefore, the authors can formulate a profit maximization problem. In the truckload 34 freight problem, the time-windows are significantly larger than in the urban passenger 35 transportation context; nonetheless, Kim's modeling framework is still useful. The sharing-economy and TNCs Uber and Lyft motivated this taxonomic category. TNCs have 27 highly elastic fleets, despite not owning any vehicles, because they can set transportation prices 28 to attract drivers. If demand exceeds supply, TNCs can increase transportation prices to both 29 decrease demand and increase supply. The authors of this paper were unable to find any research 30 modeling short-term fleet size elasticity within the context of routing, assigning, or scheduling 31
vehicles. The benefits of the ability to increase or decrease fleet-size to flex with demand are 32 likely significant. Presumably AV fleet managers will be able to increase fleet-size in the short-33 term by either paying for access to privately-owned AVs or allowing drivers with non-AVs to 34 provide transportation service. This area is ripe for future research. Short-term AV rentals are similar to carsharing except that instead of a user going to a 5 designated carsharing parking spot to access a vehicle, the AV would arrive at the user's desired 6 point of origin. With short-term rentals, the traveler has complete control over the vehicle for a 7 specified time-slot. Conversely, point-to-point service describes the service currently provided 8 by TNCs, wherein, a traveler requests pickup and delivery points and the vehicle transports the 9 traveler between those two points. With short-term rentals, travelers can temporarily store items 10 in the vehicle such as during a shopping trip. The mixed reservation option describes an AV fleet 11 wherein the vehicles can either provide point-to-point service or be rented to travelers for time -12 slots. Pricing the mixed fleet option to take into consideration the opportunity costs of not having 13 a vehicle available for the other reservation option is an interesting problem. 14 The accept or reject decision comes into play when the problem's objective function includes 5 revenue, in addition to costs. In the case where revenue is not considered in the problem 6 framework the acceptance/rejection decision is unnecessary. 7
If revenue and costs are both considered in the fleet management problem framework, but 8 pricing is fixed, then the fleet manager must accept or reject customer requests as they arrive in 9 real-time. If the marginal operational cost of servicing the customer request exceeds the marginal 10 revenue associated with the request, the fleet manager will likely reject the request. If stochastic 11 information is available, the marginal cost should incorporate the opportunity cost of sending the 12 vehicle to service the customer request. 13
In the case where revenue is considered in the objective function and the pricing structure is not 14 fixed, the accept/reject decision lies in the hands of the customer. In modeling frameworks with virtual or real networks, the network links can include congestion. 8 We mentioned previously that the congestion on links can be deterministic or stochastic. 9
Additionally, the congestion can be static or time-dependent. In a dynamic AV fleet management 10 modeling framework, congestion on links can fluctuate based on the time of the day (time-11 dependent) or remain constant throughout the analysis period (static). 12 13 This paper presents a taxonomy of fleet management problem classes to inform future research 2 on the AV fleet management problem. We begin by reviewing previous taxonomies of the 3 vehicle fleet management problem, specifically, vehicle scheduling and routing problems. We 4 refine several taxonomic categories from these studies to provide more nuance and better classify 5 problem classes as they relate to the AV fleet problem. In the following section, we present a 6 brief literature review of dynamic multi-vehicle, pickup and delivery problems with time-7 windows. While the AV fleet management problem presents unique modeling challenges, many 8 of the papers surveyed provide a valuable foundation for future work. Lastly, we present several 9 novel taxonomic categories to classify AV fleet management problems. 10 Table 1 displays a summary of the taxonomy developed in this paper. The first column displays 11 taxonomic categories in the literature that we use to classify the broadly defined AV fleet 12 management problem. The underlined terms in the first column of Table 1 signify that the AV 13 fleet management problem is a dynamic, multi-vehicle pickup and delivery problem with explicit 14 or implicit time-window constraints wherein the AV fleet manager has global information. The 15 second column in Table 1 lists taxonomic categories in the literature that are still relevant in 16 terms of classifying AV fleet management problem classes. The third column lists novel 17 taxonomic categories presented in this paper to classify AV fleet management problems. 18
The taxonomy presented in this paper, specifically the categories in the second and third columns 19 of Table 1 , illustrate the wide-range of problem classes that still need to be investigated to model 20 and analyze AV fleets. The two most significant areas where foundational research is lacking 21 are the advantages of short-term fleet elasticity and the role of pricing strategies on the 22 management of an AV fleet. The ability to increase and decrease fleet size in a short period of 23 time seems to be one of the more underappreciated elements of TNC business models. 24
Additionally, in a dynamic, competitive context, pricing is one of the most important elements in 25 modeling vehicle fleet operations. The pricing problem significantly impacts the assignment of 26 vehicles to customers and the routing of vehicles. The literature examining transportation pricing 27 and fleet management in an integrated framework is sparse (28). Other interesting problems 28 relate to vehicle repositioning strategies based on time-dependent stochastic information, the 29 modeling of refueling strategies for electric vehicles, and the inclusion of short-term rentals in 30 the modeling framework. 31
